A new cathode with inductively coupled plasma for ion engines was designed and then evaluated experimentally in this study. The fabricated cathode, which named "ICP/C (Inductively Coupled Plasma Cathode)", employed electromagnetic fields induced by RF (Radio Frequency) current at 13.56 MHz, and had the new ignition method that spark discharge occurred by induced voltage was used. Through the experimental investigations, the new method using "C-shaped" type electrode enabled the ICP/C to ignite instantaneously without other electron source. And the cathode achieved high neutralization performance, which was over 1700 mA of extracted electron current at 80 W of RF input power, and 3.0 sccm of Xe flow rate, when target voltage simulating ion beam was 20 V. Additionally, the application of ICP/C as a main cathode of direct current ion thruster was confirmed. As these results, ICP/C may permit instantaneous ignition and simple handling to ion engines, and it may even allow a longer lifetime of ion engines.
Nomenclature
:collected ion current m :gas mass flow rate P RF :RF input power U :gas utilization factor *sccm :standard cubic centimeters per minute = 9.77×10 -5 g/s at standard temperature and pressure
Introduction
Recently the number of electric propulsion applications, which have high specific impulse, has been increasing in some space missions such as station keeping and solar system explorations. An ion engine has the highest specific impulse among electric propulsion systems in practical use. Conventionally, a hollow cathode (H/C) has been used as an electron emission device for ion engines because of its high electron current density with relatively low power consumption. However, its lifetime is almost limited by depletion and degradation of an oxide insert. Additionally, the insert must avoid contacting with the active gas, such as oxygen, and requires being preheated for several minutes before operation. As a result, ion engines using H/C are unable to switch on quickly and require careful handling in ground facilities.
Thus, in this study, inductively coupled plasma (ICP) was applied as an electron source for a cathode on ion engines. The cathode with ICP enables instantaneous ignition and simple handling by the oxide-insert-free design, and it may even allow a longer life. The objectives of this paper are (1) Design and construction of the prototype of ICP cathode (ICP/C), (2) Experimental evaluation of its ignition characteristics and neutralization performance, (3) Demonstration of its application to main cathode for direct current (DC) ion thruster. Figure 1 shows the principle of ICP formation. ICP utilize electromagnetic fields induced by radio frequency (RF) coil current to achieve and sustain ionization. During such process, the axial magnetic field induced by the RF coil current and the azimuthally plasma current are coupled. ICP has high plasma densities, which are from 10 16 m -3 to 10 18 m -3 , without oxide-insert. Additionally, there is no consideration that plasma densities are limited by cutoff frequency like electron cyclotron resonance plasma. However, although ICP is sustained without electrode in the discharge vessel, some electron is required as seed for its ignition. 
Inductively Coupled Plasma Cathode

Inductively Coupled Plasma
Concept of Ignition Method
Some methods for providing the electron to the discharge vessel were considered, as shown in Table 1. From this table, spark discharge occurred by induced voltage was employed for ignition of ICP in this study, because of its simple structure and no other additional power supply. In order to produce spark discharge, an electrode of capital "C-shaped" with pair of sharp at the slit was designed as shown in Fig. 2 . And it was combined with an ion collector, which is described at the next section. The electrode was inserted to the discharge vessel along its wall.
When RF power was supplied to the RF coil, induced voltage was loaded between the projections of the electrode. Then electrical spark discharge was expected to initiate and a little electron would be provided to the vessel as seed of ICP formation.
Electrical Circuit
Collecting ion is necessary for ICP/C during steady operation in order to maintain quasineutrality at ICP. The electrode shown in Fig. 2 was also employed for collecting ion, so the electrode was named "ion collector" in this study.
When electron is extracted from the cathode, an ion sheath is created at surface on the collector. The collected ion current through the ion sheath equals the Bohm current, which is proportional to the area of the ion sheath. From this criterion, the ion collector should have large area for ion collection, as shown in Fig. 2. Figure 3 shows the prototype of ICP/C that designed and constructed in this study. It consisted of discharge vessel, orifice plate, ion collector and RF coil.
Design of ICP Cathode
The discharge vessel was made of Pyrex-glass and its diameter and length were 40 mm and 46 mm respectively. The orifice plate, which was made of mica, sealed the downstream of the vessel to sustain inner pressure. And there was 2 mm diameter orifice in the center of the plate for electron extraction.
In the vessel, the electrode "ion collector" was set to trap ion from ICP. It was made of stainless steel (SUS) because of easy processability and low cost.
The copper tube was coiled in five turns around the discharge vessel. The RF power creates electric fields in the circumferential direction inside of the RF coil. An operation gas is coupled by this electric field, and then the plasma is produced. Xenon (Xe) was employed as operation gas. 
Experimental Apparatus and Procedure
Experimental Apparatus
All experiments were conducted in the vacuum chamber, which has 1.6 m diameter and 3.2 m length. The vacuum chamber reached approximately 10 -4 Pa by a turbo-molecular pump and a cryogenic pump at thruster operation. Figure 4 shows the experimental equipment. In the vacuum chamber, ICP cathode or DC ion thruster with ICP/C was set. The RF generator and the matching network, which reduces reflected power to maximize input power to a load, were attached at out of the chamber. The generator's frequency and rated power were 13.56 MHz and 500 W. And the neutral Xe gas was fed into the discharge vessel via the thermal sensing mass flow controller.
Ignition Characteristics
The feasibility of "C-shaped" type electrode for ICP ignition was evaluated. When the RF input power was constant, Xe mass flow rate was increased to measure the condition where the ICP was produced. And a plate made of Pyrex-glass was replaced with the orifice plate to observe inside the discharge vessel. There was no orifice in the Pyrex-glass plate. The initiation process of ICP was monitored by the high-speed camera.
Neutralization Performance
Neutralization performance of the prototype ICP/C was evaluated. Figure 5 shows the electrical configuration in this experiment. The anode target was located about 50 mm downstream of the orifice plate, and it was biased positively by DC power supply. The electrical potential difference between the grounded ion collector and the target simulated the potential difference between the neutralizer common and the beam plasma extracted from ion thruster in the practical operation of ion engines.
After the ICP was sustained stationary, the Xe mass flow rate and RF input power were set as follows; Xe mass flow rate of 0.3, 0.5, 1.0, 2.0, 3.0sccm and RF input power of 10, 20, 40, 60, 80W. Then the target voltage was varied from 0V to 80V, and the electron current extracted by the target and the ion current collected by the collector were measured. 
Main Cathode for DC Ion Thruster
It is significant that ICP/C is applied to a main cathode for DC ion thrusters, because of mitigation of power supplies and realization of instantaneous ignition. At DC ion thrusters, static magnetic field produced by permanent magnets or electromagnet is generally employed to confine the main plasma. On the other hand, ICP/C uses dynamic magnetic field to sustain ICP. There is a fear that induced magnetic fields and static magnetic fields for trapping plasma are influenced each other, and ICP/C will not normality work as a main cathode. Thus it is necessity to prove whether ICP/C operates as a main cathode of DC ion thruster. Figure 6 shows the electrical configuration of DC ion thruster with ICP/C. The discharge chamber of the ion thruster was made of iron and had three magnet rings inside the chamber for forming cusped-magnetic field. Ion extraction optics of the thruster consists of a dished two-grid system; whose beam extraction diameter was 12 cm and material was molybdenum. ICP/C was installed at center of the end-wall to replace H/C. In this experiment, proper ion beam extraction of the DC ion thruster with ICP/C was evaluated. 
Results and Discussions
Ignition Characteristics
The ICP was initiated and sustained in the discharge vessel at any conditions inside the ignition area shown in Fig. 7 . These results indicated that the minimum Xe mass flow rate at any RF input power for initiating the plasma exists.
The initiation process of ICP was monitored by the high-speed camera. Figure 8 shows the photographs viewed from downstream of the ICP/C. The images were provided that frame rate was set to 1000 fps and the exposure time was 0.2ms. At Fig. 8. (b) , small electrical discharge was observed between the edges of the ion collector. And the spark expanded to the whole of the vessel, as shown in Fig. 8. (c) . As the result, the cathode enabled the plasma formation in a few seconds from beginning of ignition operation. The ignition time was much more rapid than that of a hollow cathode.
From these results, it was considered that the "C-shaped" type electrode enables instantaneous ignition of the ICP. Figure 9 shows current-voltage characteristics of the ICP/C when the RF input power was 80W. The small and approximately constant current was measured at the low target voltage. As the target voltage was increased, the sudden increase of extracted electron current and the plume near the orifice were observed as shown in Fig. 10 . In higher Xe mass flow rate operation, the increase was more obvious, and occurred at low voltage. The reason of the sudden increase of extracted electron current was considered that neutral Xe gas was ionized between the orifice and the target electrode. Secondarily the ionization created the difference of electrical potential between the ICP and the ion collector, and the ion sheath was formed at surface on the collector. In consequence, electron current collected by the target electrode and ion current collected by the ion collector was increased dramatically. The electron current as functions of RF input power and Xe mass flow rate (target voltage = 40V constant) is shown in Fig. 11 . It was found that the extracted electron current has a proportional relation roughly to RF input power in sufficient Xe mass flow rate condition.
Neutralization Performance
The cathode achieved approximately 100mA with 10 W of RF input power, 0.3sccm of Xe mass flow rate, 20V of target voltage, and over 1700mA with 80W, 3.0sccm, 20V. In particular, the cathode enabled to extract electron of about 400mA with 20W of RF input power, 2.0sccm of Xe mass flow rate, and 20V of target voltage. The value of extracted current is enough to neutralize ion beam of a 20mN ion thruster, which was used in a mission of NSSK.
1)
Gas utilization factor is introduced for evaluating the efficiency of the cathode operation. Supplied 1.0sccm of Xe is equivalent to 71.8mA of electric current. The gas utilization factor intends average number of times that each Xe atom repeats ionization and recoupling on the surface of the ion collector while Xe atom stay in the discharge vessel. Thus, it is defined as follows ;
The performance of ICP/C is compared with other electron emission devise, as shown in Table 2 . From this table, it is considered that the ICP/C constructed in this study has the comparable performance with other electron emission devices.
After these experiments, some flakes were deposited at the surface of ion collector. It is considered that the flakes were originated from the ion sputtering deposition. In this study, the prototype of ICP/C was constructed to evaluate its feasibility, so the ion collector was made of stainless steel (SUS) without consideration of sputtering yield. But the erosion of ion collector will be one of the factors in the cathode life, because of the fear that the erosion prevents RF input power from heating the inductively coupled plasma. Therefore, at future work it is necessary that the material of ion collector is selected by its sputtering yield and its secondary electron emission yield. Finally, the lifetime evaluation will be required for being candidacy of practical application for ion engines. 
Main Cathode for DC Ion Thruster
Proper ion beam extraction of the DC ion thruster with ICP/C was confirmed at following conditions; 2.0sccm of main cathode Xe mass flow rate, 6.0sccm of main propellant Xe mass flow rate, 32.0V of discharge voltage, 1000V of screen grid voltage, and -500V of accel. grid voltage. Figure  12 shows the photograph of DC ion thruster with ICP/C. At upstream of the thruster, the light emission of ICP/C was clearly seen. Table 3 is the comparison of the thrust performance with ICP/C and H/C at same condition. In this table, thrust, specific impulse, propellant utilization efficiency, and ion production cost were calculated from measured currents. There was the tendency that discharge current with ICP/C was limited by the electron extraction capacity of ICP/C. The performance with ICP/C was inferior to that with H/C. However, if the ICP/C be improved and optimized for ion engines, DC ion thruster with ICP/C shall be promising, because of instantaneous ignition and simple handling. 
Conclusions
Through the fabrication and experimental investigation of inductively coupled plasma cathode, the following results were obtained: (1) The new method that used the spark discharge occurred by induced voltage enabled instantaneous ignition of the ICP without other electron source. (2) The prototype ICP/C achieved about 1700mA of extracted electron current at 3.0sccm of Xe mass flow rate, and 80W of RF input power at 13.56MHz, when the target voltage simulating ion beam was 20V. (3) The application of ICP/C as a main cathode of DC ion thruster was confirmed. (4) Compared with other cathodes, ICP/C had high performances including simplicity of system, convenience of handling, and the ability of electron emission as a neutralizer. Improvement of ICP/C and consideration to lifetime of the cathode will be required for practical application of cathode on ion engine.
